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SUMMARY 
Sonic-boom measurements a re  p re sen ted  fo r  f l i gh t  tests o f  f igh te r  and 
bomber a i rp l anes  in  the  a l t i t ude  r ange  from 10,000 t o  about 75,000 f e e t  and a t  
Mach numbers from 1.1 t o  2 f o r  a va r i e ty  of atmospheric wind and temperature 
gradients  and for  var ious f l ight  paths  and accelerat ion rates .  Measurements of 
the  pressure  s igna tures  a t  17 l oca t ions  bo th  pa ra l l e l  and perpendicular t o   t h e  
a i r p l a n e  f l i g h t  t r a c k  were recorded simultaneously and were synchronized i n  
time . 
The pressure s ignatures  measured were s i m i l a r  t o  N-waves, b u t  i n  a l l  cases 
t h e y  d i f f e r e d  i n  some d e t a i l .  The shape of the pressure s ignature  from a super- 
sonic  a i rplane i s  a function of atmospheric conditions,  alt i tude,  Mach number, 
f l igh t  pa th ,  conf igura t ion  of  the  a i rp lane ,  and  re la t ive  pos i t ion  of t he  
observer .  Turbulent  a tmospheric  condi t ions resul ted in  errat ic  wave shapes  and 
in  cons ide rab le  va r i a t ion  in  the  measured peak overpressures for given flight 
conditions.  A s  a r e s u l t  of  a i rplane accelerat ion,  more complex wave pa t t e rns  
and pressure magnifications are measured a t  some ground locations. The pressure 
magnif icat ion factors  for  a l i nea r  acce le ra t ion  and a c i r c u l a r  t u r n  were noted 
t o  be approximately 2 and 4, respect ively.  The measured overpressures associ- 
a ted with very high-al t i tude,  s teady-f l ight  condi t ions of t he  bomber a i rp lane  
a re   no ted   t o  be greater  than the predicted values .  
INTRODLTCTION 
Because t h e  sonic-boom problem may affect  the design and operat ion of  
fu ture  supersonic  t ranspor t s  ( see  re fs .  1 and 2) and supersonic mili tary air-  
c r a f t ,  t h e  U.S .  A i r  Force,  National Aeronautics and Space Aeinistration, and 
Federal  Aviation Agency have engaged i n  a jo in t   research  program t o  improve t h e  
level  of  technology with regard to  this  problem. Fl ight- tes t  s tudies  re la t ing 
to the generation, propagation, and prediction of sonic booms have been con- 
ducted a t  Edwards A i r  Force Base, Calif.,  during September and October'of 1961. 
'Supersedes NASA Technical Memorandum X-633 by Harvey H. Hubbard, Domenic J. 
~~ 
Maglieri, Vera Huckel, and David A. Hilton, 1962. 
The  main  objectives  of  these  studies  were  to  provide  basic  information 
relative  to  the  generation  of  sonic  booms in steady  level  flight  at  high  alti- 
tudes  where  lift  effects  may  be  significant  and  relative to  he phenomena  of 
superbooms  due to  maneuvering  flight. In addition,  some  experiments  were  per- 
formed  to  indicate  the  manner  in  which  atmospheric  phenomena  affect  sonic  booms. 
The  main  variables  of  the  tests  were  airplane  configuration,  weight,  Mach  nun- 
ber,  altitude,  flight  path,  and  atmospheric  wind  and  temperature  gradients. 
Particular  emphasis  in  the  flight  tests  was  placed  on  the  use  of  instrumenta- 
tion  to  record  faithfully  characteristic  pressure  signatures. 
The  purpose  of  this  paper  is  to  indicate  the  scope  of  the  tests,  to 
describe  the  special  instrumentation  and  techniques  used,  and  to  discuss  some 
of the  results  of  preliminary  analyses. A bibliography  is  also  included  for 
the  convenience  of  the  reader. A method  for  computing;ground  overpressures  is 
presented  in  an  appendix  by  Harry W; Carlson. 
SYMBOLS 
airplane  cross-sectional  area, sq ft 
nondimensionalized  cross-sectional  area  A/22  at  nondimensionalized 
station  t = X/Z 
effective  nondimensionalized  cross-sectional  area  due  to  a  combina- 
tion  of  volume  and  lift  effects,  A(t) + B(t) 
equivalent  cross-sectional  area  due  to  lift  at  airplane  station x 
nonciimensionalized  equivalent  cross-sectional  area  due  to  lift  B/22 
at  nondimensionalized  station  t = x/2 
lift  coefficient 
diameter  of  circle  equivalent  in  area  to  the  airplane  cross-sectional 
area 
lifting  force  per  unit  length  along  airplane  longitudinal  axis 
1 effective  area  distribution  function, 
airplane  flight  altitude 
2 
ground r e f l e c t i o n   f a c t o r  
body shape factor 
length of a i rp lane ,  f t  
Mach number 
reference pressure,  lb/sq f t  
ambient pressure a t  a l t i t u d e ,  l b / s q  f t  
ambient pressure a t  ground, lb/sq f t  
incremental  pressure above o r  below ambient pressure due t o  flow 
f i e l d  of a i r p l a n e ,  l b / s q  f t  
measured f r ee -a i r  p re s su re  r i s e  ac ross  shock wave, l b / s q   f t  
measured pressure r ise  across  shock wave a t  ground l e v e l ,  l b / s q  f t  
measured r e f l ec t ed  p res su re  r i s e  ac ross  shock wave, l b / s q   f t  
dynamic pressure,  lb/sq f t  
wing planform area, sq f t  
nondimensionalized distance along longitudinal axis from a i rp lane  
a i rp lane  weight ,  lb  
dis tance measured along longitudinal axis from a i rp lane  o r  model nose 
Y r a t i o   o fs p e c i f i c   h e a t s   f o r  a i r ,  1 .4  
7 dummy variable   of  integrat ion  measured  in  same d i rec t ion  and  with 
same u n i t s  as t 
TO value  of T giving  largest   posi t ive  value  of   integral  
CL Mach angle ,   s in- l  1 M 
3 
Subscript: 
max  maximum 
A prime i s  used t o  i n d i c a t e  a first derivative, and a double prime, a 
second derivative with respect t o  d i s t a n c e .  
APPARATUS AND METHODS 
Test Conditions 
A l l  tes t  f l i g h t s   l i s t e d   i n   t a b l e  I were accomplished i n   t h e   v i c i n i t y  of 
t h e  Edwards A i r  Force Base supersonic  f l ight  corr idor  and in  the area just  east  
of  Rogers D r y  Lake,  Edwards, Calif. The t e r r a i n  i s  generally f l a t  with only 
sparse vegetation and has an alt i tude of 2,000 t o  3,000 f e e t  above sea l e v e l .  
A s  can be seen from figure l ( a ) ,  no extreme va r i a t ions  in  e l eva t ion  ex i s t ed  in  
t h e  t es t  area. 
(a) General layout. Open symbols represent  a l te rna te  microphone locat ions.  
Figure 1.- Arrangement of test f a c i l i t i e s  and equipment. 
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The ground instrumentation was l o c a t e d   i n  a T-shaped array,  with 10 micro- 
phone loca t ions  i n  a l i n e  p a r a l l e l  t o  t h e  c e n t e r  l i n e  of the  supersonic  f l igh t  
co r r ido r  fo r  a dis tance of about 4 miles .  (See f ig .  l (b) . )  This  instrumenta-  
t i o n  was al ined along a heading of 245O-0650 magnetic. Additional microphone 
/ 
( b )  Main s t a t i o n  microphone  arrangement. Numbers i n s i d e  c i r c l e s  r e f e r  t o  s p e c i f i c  microphones. 
Figure 1.- Concluded. 
s t a t i o n s   ( s e e   f i g .  l ( a ) )  were loca ted  a t  l a t e r a l   d i s t a n c e s  of about 3 1 -  l ~ ,  5 ,C' 
10, and 20 miles and were al ined general ly  perpendicular  to  the arrangement  
p a r a l l e l  t o  t h e  f l i g h t  t r a c k .  The main recording s ta t ion was located near  the 
in t e r sec t ion  of t he  two instrument  arrangements.   (See  f ig.   l(b).)  The accu- 
r a t e  l oca t ions  of a l l  s t a t i o n s  wexe es tab l i shed  by means of standard surveying 
and optical  techniques.  
The tests were accomplished during September and October 1961. During 
t h i s  t i m e  t h e  s u r f a c e  t e q e r a t u r e s  v a r i e d  from about 30° t o  95' and surface 
winds from 0 t o  about 35 s t a t u t e  miles per hour. 
Test Airplanes 
Photographs of the airplanes of t he  type  used  in  these  tests are shown i n  
f igu re  2. The  bomber ai rplane had an overal l  length of  96.8 f e e t  and a gross  
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(a) Bomber. L-61-8053 
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weight varying from about 63,000 t o  90,000 pounds. The  bomber a i rp lane  was 
opera ted  in  the  conf igura t ion  shown i n  figure 2(a)  f o r  a l l  t e s t  f l i g h t s .  The 
a i rp lane  w a s  operated without the detachable external store for the present 
t e s t s ,  i n  c o n t r a s t  t o  t h o s e  of reference 3 f o r  which the  ex te rna l  s to re  was 
attached. The f ighter  a i rplane had an overal l  length of  54.5 f e e t ,  a gross 
weight of about 27,000 pounds, and was flown both with and without wing-tip 
tanks.  The cross-sect ional-area dis t r ibut ions for  the bomber a i rp lane  bot4  
with and without external store 
_ L  v L  
. .  and-   fo r   t he   f i gh te r   a i rp l ane  
> .  without  wing-tip  tanks  are 
.o 12- given i n   f i g u r  3. A l l  t e s t  
4 L ,  ' 
Does  n t  include external a i rp lanes  were provided, main- 
store component ta ined,  and operated by U.S .  
A i r  Force personnel. 
- A 
2' Airplane  Posit ioning 
The a i r p l a n e s ,  i n  a l l  
cases,  were posi t ioned over  the 
t e s t  a r e a  by  means of ground- 
control procedures with t h e   a i d  
of  radar  tracking. For t e s t s  
requir ing s teady-level-f l ight  
vided correct ions in  heading by 
the  ground cont ro l le r  on ly  t o  
0 .2 .4 .6 .8 
( a )  Bomber. cond i t ions ,   t he   p lo t  was pro- 
,012- 
Total area (includes within about 30 miles of t he  
full inlet capture area ground zero locat ion of t h e  
main s t a t i o n .  Changes i n  a i r -  
tude within the 30-mile distance 
were minimized i n   o r d e r   t o  
reduce possible  effects  on t h e  
sonic-boom ground-pressure pat- 
t e r n s  i n  t h e  tes t  area. 
,008 - craft   heading,  speed, and a l t i -  
A - 
2' 
Radar plotting-board over- 
0 .2 A .6 .8 1.0 l ays  were obtained  for a l l  
X l 2  f l i g h t s ,  and t h e  data obtained 
(b) Fighter .  
a t  1-second intervals were used 
to provide information of the 
Figure 3 . -  Area d i s t r ibu t ion  of t e s t   a i r c r a f t .  type shown i n  f i g u r e  4. For 
steady-f l ight  condi t ions the 
data of the plott ing-board over- 
l ay  from which p lan   pos i t ion ,  
a l t i t u d e ,  and speed can be obtained were of suff ic ient  accuracy for  purposes  of  
t h e  t e s t s .  F o r  f l i g h t s  i n v o l v i n g  maneuvers, more accurate  t racking data were 
obtained by the use of addi t iona l  radar - t racking  equipment and d i g i t a l  com- 
put ing machine techniques. 
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Figure 4.- Radar p lo t t ing-board  t rack  of  a i rp lane  dur ing  c i rcu lar - turn  maneuver indicating both 
a l t i t ude  and  p l an  pos i t i on  as a funct ion of dis tance along t rack.  Data a r e  f o r  f l i g h t  t e s t s  32 
and 33 .  
In  order  to  synchronize  the  t racking  data with a l l  ground-pressure meas- 
urements, a 1,000-cps tone signal was superposed on t h e  data records a t  t h e  
t ime the airplane passed over the main record ing  s ta t ion .  
Atmospheric Sounding 
Rawinsonde observations from the Edwards A i r  Force Base weather f a c i l i t y ,  
which was located within about 9 miles of t h e  main recording s ta t ion,  were 
taken within 3 hours of the times of a l l  tes t  f l i g h t s .  Measured values of  
temperature and pressure, along with the calculated speed-of-sound and humidity 
values and wind-velocity and -direction values, were provided a t  1,000-foot 
i n t e r v a l s  t o  a l t i t u d e s  of about 5,000 f ee t  i n  excess  o f  t he  a i rp l ane  t e s t  a l t i -  
tude.  Samples of  the  atmospheric  pressure,  temperature,  and  speed-of-sound 
d a t a  f o r  two of t h e  tes t  f l ights ,  a long with the s tandard I C A O  atmospheric 
va lues  fo r  comparison (ref.  4), are shown p l o t t e d  as a function of a l t i t u d e  i n  
f igure  5.  Wind veloci ty  has  been resolved into components p a r a l l e l  t o  and 
perpendicular  to  the airplane f l ight  path,  and sample da ta  a re  shown i n  
f igure  6. 
Altitude. ft 
Figure 5.- Sample r e s u l t s  from atmospheric soundings taken during t e s t  f l i g h t s .  Data a r e  f o r  f l i g h t  
tests 27 and 28. 
(a) Component a long  f l igh t  pa th .  
Wrd MIOCity. If 5ec 
(b) Component perpendicular t o   f l i g h t   p a t h .  
Figure 6.- Sample wind-velocity profiles resolved i n t o  components p a r a l l e l  t o  and perpendicular  to  
t h e  flight di rec t ion  of  the  a i rp lane .  mta a r e  f o r  f l i g h t  t e s t s  27 and 28. 
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Figure 7.- Photograph of wiresonde and aux i l i a ry  
equipment used in obtaining atmospheric 
soundings a t  a l t i t u d e s  up t u  1,000 feet. 
Pressure, temperature, and 
relat ive humidi ty  data were obtained 
with wiresonde equipment during the 
times of t h e  tests a t  a l t i t u d e s  up 
t o  about 1,000 f e e t .  The wiresonde 
equipment consists of a small i n s t r u -  
ment package which i s  connected by 
cable to monitoring instruments on 
the  ground and which i s  posit ioned 
a t  various distances above ground 
l e v e l  by means of a large, helium- 
f i l l ed  ba l loon .  The nature  of  this  
equipment i s  ind ica ted  in  the  photo-  
graph i n  f i g u r e  7. Data were 
obtained with the wiresonde equipment 
a t  i n t e r v a l s  of 100 f e e t  i n  a l t i t u d e  
up t o   t h e  maximum a l t i t u d e  of about 
1,000 f e e t .  Samples  of t h e  tempera- 
t u re  da t a  ob ta ined  a re  p lo t t ed  in  
f igure  8. Wiresonde information 
br idges the gap between surface 
measurements and those obtained 
during the rawinsonde soundings 
described  previously. The type  of 
information obtained from the wire- 
sonde i s  use fu l  i n  desc r ib ing  the  
condi t ions of  the ear th 's  boundary 
l a y e r  which, it i s  believed, may 
have s ign i f i can t  e f f ec t s  on the  
sonic-boom signatures.  
Ground-Pressure Instrumentation 
The ground-pressure instrumenta- 
tion provided and operated by t h e  
NASA consisted of an arrangement of 
s p e c i a l  microphones l o c a t e d   i n   a n  
~ - 
area measuring approximately 4 by 20 miles. The main record ing  s ta t ion  w a s  
located as shown i n   f i g u r e   l ( b )  and w a s  arranged i n  such a manner tha t  t he  s ig -  
n a l s  from 11 of t h e  microphones could be recorded simultaneously on magnetic 
t a p e .  I n  a d d i t i o n  t o  t h e  main station arrangement, a s a t e l l i t e  s t a t i o n  w i t h  up 
t o  2 microphone channels w a s  mounted i n  a vehicle  which could be posi t ioned a t  
var ious tes t  locat ions within a 20-mile radius of the main s ta t ion.  Five meas- 
uring stations with microbarograph equipment were provided by t h e  Atomic Energy 
Commission. One of t hese  s t a t ions  w a s  l oca t ed  in  the  same area as t h e  main 
microphone recording s t a t i o n ,  and the others were located a t  distances of about 
5 ,  10, and 20 miles from t h e  main s t a t i o n  a n d  i n  a direction generally perpen- 
d icu lar  to  the  supersonic- f l igh t  cor r idor .  
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(a) September 14 at 0700 hours. (b) September 5 at 1200 hours. (c) September 5 at 1300 hours. 
Figure 8.- Sample temperature-lapse rate data for  three different atmospheric conditions 
encountered during the tests. 
Three types of microphones were used. Commercially available condenser 
microphone measuring systems were special ly  modif ied in  order  to  extend the fre-  
quency range from 10,000 cps on the high-frequency end t o  about 0.10 cps on the  
low-frequency end. The cha rac t e r i s t i c s  of th is  equipment were judged t o  be 
adequate t o  reproduce fai thful ly  the sonic-boom signatures  for t h e  two a i rp lanes  
and the var ious operat ing condi t ions of t h e s e  t e s t s .  I n  a d d i t i o n  t o  t h i s  s p e -  
c i a l  equipment, some commercially available condenser microphones of the  type  
used i n  some previous sonic-boom inves t iga t ions  ( r e f s .  3 ,  5 ,  and 6 )  and with 
usable frequency responses in the range of about 7 cps t o  7,500 cps were a l s o  
used t o  provide comparative data. It i s  known t h a t  t h e s e  microphones will not 
fa i thful ly  reproduce the sonic-boom signatures  but  will, however, provide t rue 
indications of the peak-pressure values.  The th i rd  type  of  microphone used 
consisted of microbarograph equipment developed by the  Atomic Energy Commission 
t o  have a f l a t  frequency response in  the  r ange  0.02 t o  20 cps. These micro- 
barographs give a very good reproduction of the wave shapes except that they 
may not  be  ab le  to  follow t he  ve ry  r ap id  r i s e  times of some of t h e  waves and 
the re  may be some degradation of the peak-pressure values where ve ry  r ap id  r i s e  
times are involved because of the limited high-frequency response. 
The commercially available microphone equipment was f i e l d  c a l i b r a t e d  
acous t ica l ly  wi th  a 400-cycle s igna l  appl ied  a t  the  microphone. The spec ia l ly  
modified microphone equipment and the microbarograph equipment were f i e l d  
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A I  
ca l ibra ted  s ta t ica l ly  before  each  tes t  with the aid of  a pressure bellows and 
a sens i t i ve  manometer. Pr ior  to  f ie ld  ins ta l la t ion ,  f requency-response  curves  
were obtained for  a l l  microphones. Spot checks were a l s o  made over a range of 
f requencies  dur ing  the  f ie ld  tests.  
Special  provisions were made t o  supply t ime synchronization for a l l  pres-  
sure  measurements. This synchronization was accomplished by t ransmi t t ing  a 
short burst of 1,000-cps tone from the radar s t a t i o n   i n  such a manner t h a t  it 
was superposed on a l l  pressure- and tracking-data records. 
A t  t h e  main recording s ta t ion,  pressure data were recorded simultaneously 
on magnetic tape for which the frequency response was f l a t  from 0 t o  20,000 cps 
and also on a conventional multichannel oscil lograph for which the recording 
elements had a f l a t  frequency response of 0 t o  5,000 cps. A l l  t r a c e s  shown a r e  
from oscil lograph recordings.  
Most of t h e  microphones were mounted a t  ground l e v e l   t o   r e c o r d   t h e  ground 
surface pressures .  They  were  mounted i n  t h e  s u r f a c e  of a 4- by b f o o t ,  
3/4-inch-thick plywood board staked down f i r m l y  t o  t h e  ground. (See f i g .  9 ( a ) . )  
,- Anchcr pm 
-e screen 
(a )  Top v i e w .  
( b )  Bottom  view. L-61-8056 
Figure 9.- Details of ground microphone i n s t a l l a t i o n .  
The microphone i t s e l f  was suspended 
i n  a shock mount, as i n d i c a t e d  i n  
f igu re  g (b ) ,  a t  t he  cen te r  o f  t he  
board t o  minimize spurious readings 
because of possible motions of t h e  
supports.  Cheese-cloth  screens, 
designed so  tha t  t hey  would not 
a f f ec t  t he  p re s su re  measurements, 
were placed over the microphones 
t o  minimize the  e f f ec t s  o f  wind on 
t h e  microphone readings and also 
t o  provide shade from t h e  sun and 
pro tec t ion  from blowing sand par- 
t i c l e s .  Microphones  were disas-  
sembled a f t e r  each day's tes ts ,  
and any accumulated dust was 
removed. In   addi t ion ,  a v e r t i c a l  
arrangement of two microphones 
(one a t  ground level  and one a t  a 
height of 30 feet d i r e c t l y  above 
the  o the r )  was used t o  i n d i c a t e  
t h e  t r u e  shock-wave angle a t  ground 
l eve l .  
In  order  to  provide  addi t iona l  
in format ion  re la t ive  to  the  re f lec-  
tion of shock waves from t h e  ground 
surface,  special  provis ion w a s  made 
t o   e l e v a t e  two of the  pressure  
pickups  during  the tests.  I n  one 
case a balloon which l i f t e d  a 
microphone t o  a l t i t u d e s  up t o  
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approximately 290 feet  above t h e  ground s t a t i o n  was used. In another case a 
100-foot television tower was used for  mounting a microbarograph. Free-air 
data were obtained both on t h e   t r a c k  of the airplane and a t  lateral  dis tances  
up t o  20 miles from the track. 
I. 
Ground-Motion Instrumentation 
A three-unit seismograph station w a s  loca ted  in  c lose  proximi ty  to  the  
main pressure  measur ing  s ta t ion  ( see  f ig .  l (b) )  and  was o r i e n t e d  t o  measure the  
v e r t i c a l  and two hor izonta l  components of ground motion. These u n i t s  were 
a t t a c h e d  t o  a meta l  p la te  set i n  a th in  l aye r  of concrete at  the bottom of a 
6-foot-deep hole in the ground and were subsequently buried under 5 t o  6 f e e t  
of  tamped earth. Simultaneous recordings of ground motion and pressure were 
made fo r  co r re l a t ion .  
Check-Out of Pressure-Measuring Instrumentation 
Past  experience in  the measurement of sonic-boom pressures  dur ing  f l igh t  
tes ts  has  indicated a s u b s t a n t i a l  s c a t t e r  i n  t h e  r e s u l t s ,  as, f o r  i n s t a n c e ,  i n  
t h e  work of reference 3 .  In  order  Do separate out the normal instrument scatter 
from scat ter  because of possible atmospheric effects,  a s p e c i a l  f l i g h t  t e s t  w a s  
conducted in  the  p re sen t  i nves t iga t ion .  The objective of this tes t  was t o  
obtain comparable data from several channels of measuring instrumentation of 
t h e  same type under conditions where weather  effects  would be essent ia l ly  e l im-  
ina t ed .  In  o rde r  t o  do this ,  seven of t h e  microphones having a frequency 
response of 0.10 t o  10,000 cps were shock mounted i n  a ref lect ion board within 
an area of l e s s  than 1 square foot.  Data obtained from this  instrument  setup 
f o r  a s p e c i a l  f l i g h t  t e s t  a r e  i l l u s t r a t e d  i n  f i g u r e  10. 
Data were obtained from a f i g h t e r  a i r p l a n e  i n  s t e a d y  f l i g h t  a t  a n  a l t i t u d e  
of 41,200 f e e t  and a t  a Mach number of  1 .52 ( the quant i ty  "al t i tude" i s  used 
c o n s i s t e n t l y  i n  t h e  i l l u s t r a t i o n s  and tabulations of the present  paper  as  the 
he igh t  o f  t he  a i r c ra f t  above mean s e a  l e v e l ) .  The t e s t  was accomplished a t  
about 1400 hours a t  which t ime there  w a s  considerable atmospheric thermal 
a c t i v i t y  i n  t h e  tes t  a rea .  
The most obvious r e s u l t  of f i gu re  10 i s  t h a t  t h e  wave shapes show remark- 
ab le  s imi l a r i t y .  Although the peak amplitudes of the wave t r aces  p re sen ted  in  
f igu re  10 a re  no t  d i r ec t ly  comparable because of variations i n  t h e  s e n s i t i v i t y  
of the various channels of equipment, t h e  measured peak va lues  ind ica ted  in  
the  f igure  a re  noted  to  be  wi th in  a range of kl5 percent  o r  the equivalent of 
about fl dB. Since it i s  be l ieved  tha t  weather  e f fec ts  were e s s e n t i a l l y  t h e  
same for each of these measurements, it i s  concluded t h a t   t h i s  amount o f . s c a t t e r  
may be ascribed to the instruments and measurement procedures  and that  scat ter  
i n  excess  o f  t h i s  amount i n  o t h e r  t e s t s  would probably be due to  o ther  causes .  
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Figure 10.- Sonic-boom pressure s ignatures  for  a f i g h t e r  a i r p l a n e  a t  a n  a l t i t u d e  o f  41,200 f e e t  and 
a Mach number of 1.52 from seven d i f f e ren t  microphones grouped within a 1-square-foot area on t h e  
ground. mta a r e  from f l i g h t  t e s t  1. (Values  of Apo are   expressed  in  pounds per  square  foot.) 
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DISCUSSION OF RESULTS 
The data p resen ted  in  th i s  s ec t ion  of the paper have come from preliminary 
analyses of t h e , t e s t  r e s u l t s .  Not a l l  da t a  ob ta ined  du r ing  the  f l i gh t  t e s t s  
are  presented.  Sample r e s u l t s  of f l i g h t  t e s t s  f o r  f i g h t e r  and bomber a i rp lanes  
i n  s t e a d y  f l i g h t  a t  h igh  a l t i t udes  and f o r  f i g h t e r  a i r p l a n e s  i n  maneuvers are 
presented .  In  addi t ion  to  da ta  which app ly  d i r ec t ly  to  these  f l i gh t  cond i t ions ,  
some indica t ions  of t h e  e f f e c t s  of the atmosphere and reflections from the 
ground were obtained. 
Ef fec ts  of Various Parameters on the  
Measured Pressure Signatures 
The atmosphere.- There was  ome concern  for  the  resu l t s  in  f igure  10 s ince 
t h e  equipment used was adequate t o  have indicated an N-wave s i g n a t u r e  i f  one 
had ex is ted .  The reasons for deviation from t h e  c l a s s i c a l  N-wave for t he  con- 
d i t i o n s  i n  f i g u r e  10 were not known at  the t ime,  but  subsequent  tes ts  suggested 
tha t  these  devia t ions  were due t o  atmospheric effects.  This phenomenon can  be 
i l l u s t r a t e d  by the  waveform data  of f igure  11. 
The waveforms i n  f i g u r e  11 were obtained with the same measuring channel 
and fo r  s imi l a r  f l i gh t  cond i t ions  bu t  on d i f f e ren t  days and a t  d i f f e ren t  t imes  
of day. The a i rp lane  w a s  i n  s t e a d y - l e v e l  f l i g h t  a t  a Mach number of about 1.92 
and a t  an al t i tude of  about  51,000 f e e t .  The waveforms o f  f i g u r e s  l l ( a ) ,  ll( b )  , 
and l l ( c )  were obta ined  in  the  morning and afternoon of one day and i n   t h e  
morning of another day, respectively. 
The  waveform i n  f i g u r e  l l ( a )  has  the  gross  charac te r i s t ics  of  the  c lass ica l  
N-wave shape. It does,  however,  deviate from t h e  N-wave shape i n  some important 
respects .  The r a t e  of onset of posit ive pressure i s  a t  f irst  very rapid but  
then apparently fa l l s  o f f ,  w i th  the  r e su l t  t ha t  t he  pos i t i ve  peak  i s  rounded 
o f f .  The slowly decreasing portion of the wave i s  e s s e n t i a l l y  l i n e a r  a n d  t e r -  
minates with a rapid recompression. The r a t e  a t  which recompression occurs 
a l so  apparent ly  then  reduces  wi th  the  resu l t  tha t  a rounding off back t o  atmos- 
pheric pressure occurs.  
The waveform i n   f i g u r e   l l ( b )  i s  s ign i f i can t ly  d i f f e ren t  t han  tha t  fo r  f i g -  
u r e  l l ( a ) .  For instance,  the onset  of  posi t ive pressure occurred a t  a much 
s lower rate ,  the posi t ive peak i s  broader as i s  the negative pressure peak, and 
the recompression t o  atmospheric pressure also occurs a t  a much s lower rate .  
There are thus  ind ica t ions  tha t  small spurious pressure variations are super- 
posed on the   bas i c  waveform. 
The waveform i n  figure l l ( c )  i s  very similar t o  t h a t  i n  figure ll(a). It 
i s  s i g n i f i c a n t  t o  n o t e  t h a t  t h e  d a t a  i n  f i g u r e s  U(a) and l l ( c )  were taken on 
different  days but  both were recorded during the early morning hours. The data  
i n  figure l l ( b )  were recorded during the afternoon. Atmospheric conditions, i n  
par t icular  those near  the ground surface,  were considerably different  i n  t h e  
morning than i n  t h e  a f t e r n o o n  i n  t h e  area of t h e  tes t  si te.  During t h e  morning 
I- 
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(a )  Alt i tude,  53,100 f e e t ;  M = 1.92; 1000 hours. 
(b)  Al t i tude ,  51,000 f e e t ;  M = 1.92; 1400 hours. 
1 - 
( c )  A l t i t ude ,  51,000 f e e t ;  M = 1.93; 0940 hours. 
Figure 11.- Tracings of sonic-boom ground-pressure s ignatures  for  three tes ts  of a f igh te r  a i rp l ane  
at  s teady- leve l - f l igh t  condi t ions  but  for  d i f fe ren t  t imes  of day. All three s ignatures  were 
recorded with the same microphone  system. Data a r e  from f l i g h t  t e s t s  4, 5 ,  and 6. (Values  of 
4 0  are  expressed in  pounds per square foot.)  
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when a t empera tu re  inve r s ion  usua l ly  ex i s t s , a s  i l l u s t r a t ed  in  f igu re  8(a),  t h e  
atmosphere i s  quiescent .  La ter  in  the  day as a superadiabatic temperature 
lapse-rate  condi t ion i s  reached, as i l l u s t r a t e d  i n  f i g u r e  8 ( c ) ,  t h e  t h e r m a l  
ac t iv i ty  increases  and  there  i s  an increasing amount of atmospheric turbulence. 
There i s ,  therefore ,  the  sugges t ion  tha t  the  waveforms recorded may be s i g n i f i -  
can t ly  a f f ec t ed  by the  convec t ive  ac t iv i ty  in  the  atmosphere near the earth 's  
surface.  
This type of atmospheric effect would probably be somewhat different  a long 
each ray path; and therefore i f  measurements were made a t  a se r ies  of  po in ts  
a long the ground t r a c k  o f  t h e  a i r c r a f t ,  t h e  waveforms might be expected t o  dif-  
f e r  from  each o ther .  In  order  to  document these phenomena be t t e r ,  da t a  from 
severa l  microphones along the track are shown f o r  t h e  same f l i g h t s  a s  t h e  d a t a  
of f i g u r e s  l l ( a )  and l l ( b )  and are  presented in  f igure 12. In  f igu re  12 (a )  a r e  
presented the pressure signatures measured from 5 d i f f e ren t  microphones on t h e  
ground t r ack  of t h e  a i r c r a f t  which was flown a t  an  a l t i t ude  of about 53,100 f e e t  
and a Mach number of 1.92. The recordings were made a t  1000 hours. It may be 
seen from t h e  f i g u r e  t h a t  t h e  same general  waveform e x i s t e d   a t   a l l  measuring 
s t a t i o n s ,  and the  pressure  s igna tures  d i f fe red  from each other  only in  some 
sma l l  de t a i l s .  The high-frequency fluctuations on the records of microphones 7 
and 8 a r e  c i r c u i t  n o i s e  from the  power-supply u n i t s .  A s  a matter of fu r the r  
information, the peak-pressure values were within 3.20 percent of the mean value. 
I n  c o n t r a s t  t o  t h e  r e s u l t s  of f igure  12(a) ,  the  pressure  s igna tures  of  
f igure  12(b)  a re  presented .  These data are for approximately the same  Mach 
number and a l t i t ude  bu t  were recorded a t  1400 hours on the  same day. It can be 
seen  tha t  the  s igna tures  a t  different measuring stations may be widely differ-  
e n t  i n  shape and i n  some cases bear only a slight resemblance to an N-wave. 
The r i se  t imes  were noted to be generally longer than those of figure 12(a),  
and the peak-pressure values scattered as much as +5O percent from the  mean 
value.  It i s  be l ieved  tha t  the main d i f fe rence  in  the  tes t  condi t ions  under  
which t h e  two sets of data of figure 12  were obtained i s  the  amount of convec- 
t ive  ac t iv i ty  in  the  a tmosphere  a t  the lower al t i tudes.  
Aircraf t  configurat ion.-  An addi t iona l  way i n  which the  pressure  s igna tures  
may vary from t h e  c l a s s i c a l  N-wave shape i s  i l l u s t r a t e d  i n  f i g u r e  13. It can 
be noted,  for  instance,  in  the t racing of  f igure l3(a)  that  an addi t ional  peak 
occurred in  the record about  &away between the  f i r s t  and l a s t   p r e s s u r e  rise. 
Based on previous  exper ience ,  th i s  addi t iona l  pressure  r i se  i s  probably associ- 
a ted  wi th  the  geometry of the  a i rp lane ,  and  in  par t icu lar  wi th  the  wing. (See 
r e f .  7 . )  A s  the  pressure  f ie ld  deve lops  as a function of distance from t h e  a i r -  
p l ane ,  t h i s  d i s tu rbance  t ends  to  move forward as can be seen from the  t r ac ings  
of f igu re  13. For  th i s  par t icu lar  a i rp lane ,  coa lescence  wi th  the  bow  wave 
apparently occurs a t  an  a l t i t ude  of about 50,000 f e e t .  Although these trends 
seem t o  be mainly a funct ion of a l t i t u d e   f o r   t h i s   p a r t i c u l a r   a i r p l a n e ,  Mach 
number may a l so  be  s igni f icant  for the range of Mach numbers covered. 
Ground r e f l ec t ion . -  The pressure s ignatures  of  f igures  10 t o  13 were meas- 
ured a t  ground l e v e l  and essent ia l ly  consis t  of  the incident  and ref lected waves 
added together in phase.  Provision was a l s o  made t o  measure the  inc iden t  ( f r ee  
air) and ref lected components separa te ly ,  and  th i s  was done with a microphone 
(a )  Data recorded at  1000 hour s  ( f l i gh t  t e s t  4 ) .  
Figure 12.- Sonic-boom ground-pressure signatures from five different microphones f o r  t h e  f i g h t e r  
a i r p l a n e  a t  a Mach number of 1.92 and an a l t i t u d e  of about 50,000 feet.  (Values of 40 a r e  
expressed i n  pounds per square foot.)  
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(b) Data recorded a t  1400 hours (flight test 5 ) .  
Figure 12. - Concluded. 
1 ~*-=~~ Apo = 3.21 
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( a )  Tes t  14; a l t i t u d e ,  10,300 f e e t ;  M = 1.24. 
(b) Test  25; a l t i t u d e ,  32,200 f e e t ;  M = 1-34. 
(c)  Test  22; a l t i t u d e ,  43,200 f e e t ;  M = 1.44. 
I -~ . __ 
(d)  Test 6 ;  a l t i t u d e ,  51,000 f e e t ;  M = 1.93. 
Figure 13.- Tracings of sonic-boom @;round-pressure s ignatures  from the  f igh ter  a i rp lane  a t  var ious  
a l t i t u d e s  and Mach numbers. (Values  of bo are  expressed in  pounds per square foot. ) 
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suspended above t h e  ground surface by means of a balloon. Some sample results 
of such experiments for both fighter and bomber a i rp lanes  are given i n  
f igu re  14. 
The type of signature obtained i s  a funct ion of the  he ight  of  the  meas- 
ur ing  poin t  above ground, t h e  Mach number of the airplane,  and the spacing,of  
t h e  waves which i n   t u r n  i s  a funct ion of the airplane configuration and i t s ,  
a l t i t u d e .  The t rac ings  of  f igures  14(a) and 14(c)  are  for  the f ighter  and 
bomber airplanes,  respectively,  and the tes t  conditions were such tha t  the .  
incident  and the ref lected waves are separated.  It can be seen tha t  t he  g ross  
features  of  the two components i n  each case are similar and that  the peak pres-  
sures  are approximately equal.  (The reflecting surface in each case w a s  the- 
hard  f la t  d ry  lake  bed . )  
A somewhat d i f f e r e n t  r e s u l t  i s  i l l u s t r a t e d  i n  f i g u r e  1 4 ( b )  i n  which the -  
t e s t  cond i t ions  were such that  the incident  and ref lected components were not 
separated.  For t he  case  i l l u s t r a t ed ,  t he  r e f l ec t ed  wave i s  superposed on t h e  
incident  wave but i s  not in phase with it. For a given airplane and for given 
fl ight conditions,  various phasing combinations would exist depending on the  
height of the observation point above t h e  ground re f lec t ing  sur face .  
Curved f l i g h t  p a t h . -  More than a s ingle  N-wave  may a l so  be observed as a 
r e s u l t  of curved f l i g h t  of an  a i rp lane  ( re f .  8 ) .  I n  such a maneuver the ray 
paths  may converge with the resul t  that  pressure bui ldups occur  in  some areas  
on t h e  ground in excess of those which r e s u l t  from s t e a d y  f l i g h t  a t  comparable 
conditions.  Such pressure  bui ldups  a re  re fer red  to  as 'tsuperbooms't  and a r e  
be l ieved  to  occur  when disturbances from more than one point  on the  a i rp l ane  . 
f l i g h t  p a t h  a r r i v e  a t  a point  on t h e  ground a t  n e a r l y  t h e  same time. It i s ,  
of course,  possible for disturbances from more than one poin t  a long  the  f l igh t  
path of the  a i rp lane  to  reach  the  same point  on t h e  ground a t  different  t imes 
during a turn ing  maneuver of t he  a i rp l ane .  Data i l l u s t r a t i n g  t h i s  l a t t e r  phe- 
nomenon a re  p re sen ted  in  f igu re  15. 
The data of f igu re  15 apply t o  a c i r c u l a r  t u r n  maneuver of t h e  t y p e  i l l u s -  
t r a t ed  in  the  p l an -pos i t i on  r ada r  t r ack  of f igu re  4 and were recorded a t  a 
pos i t ion  on t h e  ground near the main recording s ta t ion.  The a i rp lane  was a t  an 
a l t i t u d e  of 32,200 f e e t ,  a Mach number of 1.43, and w a s  ope ra t ed  in  a 1 .5g  c i r -  
cu la r  tu rn .  In  addi t ion  to  the  convent iona l  N-wave pressure s ignature ,  a 
t racing of  which i s  shown a t  t h e  t o p  o f  f i g u r e  15, a second and a t h i r d  waveform 
were also recorded subsequently a t  t ime in te rva ls  of 0.92 and 1.17 seconds, 
r e spec t ive ly ,  a f t e r  t he  f i r s t  waveform. The waveforms  which a r r i v e d  a t  t h e  
l a t e r  times were noted t o  have longer t i m e  periods and lower peak pressures. 
These three waveforms a r e   b e l i e v e d   t o  have propagated i n  such a manner as t o  
a r r i v e  a t  t h e  same measuring station on t h e  ground a t  the  t ime in te rva ls  ind i -  
cated.  A t  other measuring stations on the  ground, similar results were obtained 
except  tha t  the  t ime in te rva ls  between waveforms d i f fe red .  
For other  f l igh t  condi t ions  and  for  a similar t u r n  maneuver, measurements 
w e r e  made of a superboom i n  which the peak pressures  were about four times those 
a n t i c i p a t e d  f o r  s t e a d y - l e v e l  f l i g h t  a t  t h e  same conditions.  It i s  be l ieved  tha t  
i n   t h i s   l a t t e r   c a s e  waveforms from more than one loca t ion  on t h e  f l i g h t  p a t h  
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( a )  Test 4; balloon height, lo3 f e e t .  / 
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(b)  Test  62; balloon height, 75 f e e t .  
( c )  Test 51; balloon height , 252 f ee t .  
Figure 14.-  Tracings of free-air and reflected sonic-boom pressure signatures obtained with t h e   a i d  
of  a microphone suspended from a balloon a t  various distances above the  ground.  (Values of Apf 
and mr are  expressed in  pounds per square foot.)  
First  waveform 1- .075 sec -4 
Time  interval between first and 
second waveform, 0.92 sec 
Second waveform t-, .085 sec -4
Time interval  between second 
and third waveform, 0 . 2 5  sec 
Ap = .60 
0, 
k----- .095 S ~ C  -4 Third  waveform 
Figure 15.- Tracings  of sonic-boom ground-pressure waveforms recorded at a  location  near  the flight 
track  during the circular-turn maneuver of the  type  shown in figure 4. Data  are from flight 
test 18. (Values of Ap, are expressed in pounds per square foot.) 
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probably arr ived a t  the given ground measuring station a t  the  same time. The 
manner i n  which such a phenomenon might take place i s  i l l u s t r a t e d  by t h e  wave- 
form t rac ings  of  f igure  16. 
Ai rp lane  l inear  acce lera t ion . -  Data a re  p re sen ted  fo r  fou r  d i f f e ren t  meas- 
ur ing s ta t ions along the ground t rack of  the f ighter  a i rplane during l inear  
acce lera t ion  a t  low supersonic speeds. A t  measuring stations 2, 3, 6, and 7 a s  
i d e n t i f i e d  i n  f i g u r e  l ( b ) ,  it can be seen that two types of N-wave pressure 
waveforms  were measured. The f i r s t  of these was, i n  each case,  the stronger  of 
t h e  two and had the  sho r t e r  time period. Furthermore, it can be seen that the 
t ime in te rva l  between t h e  f irst  and second waveforms changes progressively from 
a r e l a t i v e l y  l a r g e  v a l u e  a t  s t a t i o n  7 t o  a rather small  value a t  s t a t i o n  3. 
Measurements a t  intermediate  locat ions,  which a re  not  inc luded  in  the  f igure ,  
were consis tent  with those shown. A t  s t a t i o n  2 it i s  be l ieved  tha t  th i s  pro-  
gression has continued t o  t h e  p o i n t  where t h e  two waves are nearly superposed. 
When t h i s  happens, the peak pressure i s  n o t e d  t o  be approximately twice that 
measured a t  any of the other measuring stations. The orderly progression of 
waves i l l u s t r a t e d  i n  f i g u r e  16 i s  b e l i e v e d  t o  be i l l u s t r a t i v e  of t he  manner i n  
which superbooms occur. 
Airplane alt i tude.-  Ground-pressure signatures have been obtained for the 
bomber a i rp l anes  fo r  a range of  a l t i tudes from about 3O,OOO t o  75,000 f e e t  and 
f o r  a range of Mach numbers from about 1.5 t o  2.0. Representative tracings of 
some of these waveforms obtained on t h e  ground t r a c k   a t   t h e  same microphone 
loca t ion  fo r  s eve ra l  d i f f e ren t  f l i gh t s  a r e  p re sen ted  in  f igu re  17. It can  be 
seen  tha t  a l l  t h e  waveforms presented are  of t h e  N-wave type and are similar i n  
nature t o  t h o s e  t h a t  have been presented for  the f ighter  a i rplanes.  They do, 
however, differ i n   t h a t   t h e  peak pressures are somewhat higher and the time 
i n t e r v a l s  are longer  for  comparable  f l ight  condi t ions.  
In  general ,  it can be seen that  the peak-pressure values  decrease and the 
time i n t e r v a l s  i n c r e a s e  a s  t h e  a l t i t u d e  of t h e  bomber a i r c r a f t  i s  increased. 
It may a l s o  be  seen  tha t  t he  r e tu rn  to  a tmosphe r i c  p re s su re  a t  t he  end of t h e  
pressure s ignature  i s  accomplished i n  a shor t e r  time f o r  t h e  bomber ai rplane of  
f igu re  17 than  fo r  t he  f igh te r  a i rp l ane  of f igu re  12. I n  a l l  c a s e s  t h e r e  i s  a 
very sudden onset of positive pressure followed by a rounding off of the posi- 
t ive  peak ,  as was previously noted for  the f ighter  a i rplane.  There are  no 
dis t inct  addi t ional  peaks present  between the two main pressure peaks as were 
n o t e d  f o r  t h e  f i g h t e r  a i r p l a n e s  i n  f i g u r e  13. There i s ,  however, a suggestion 
of the presence of some addi t iona l  mi ld  d is turbances  for  a l t i tudes  below about 
5O,OOO f e e t .  A n  addi t iona l  genera l  resu l t  i s  tha t  the  pos i t ive  impulse ,  as 
represented by the area under the posit ive part  of the curve,  i s  cons is ten t ly  
greater  than the negat ive impulse for  the bomber a i rp lane  as wel l  as f o r  t h e  
f igh te r  a i rp l ane .  The s igni f icance  of  th i s  asymmetry i s  not  ful ly  understood 
a t   t h i s  time although it i s  be l i eved  tha t  t he  e f f ec t s  of l i f t  would a t  least 
par t ly  account  for  it. 
Airplane lateral  distance.-  Ground-pressure signatures have been obtained 
a t  various lateral  dis tances  up t o  20 miles from t h e  ground t r a c k   f o r   t h e  bomber 
a i rp lane  a t  an  a l t i t ude  of about 61,000 f e e t  and a t  a Mach number of about 2.0. 
Tracings of some of these  measured  s igna tures  a re  presented  in  f igure  18. Also 
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Measuring  station 2 
Measuring  station 3 
-t 
1 
- 3.38 
Measuring  station 6 
t - 2.98 
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Measuring  station 7 
Figure 16.- Tracings of sonic-boom pressure waveforms measured a t  four stations along the fl ight 
t rack  during l inear acceleration of the  f igh ter  a i rp lane  at  an a l t i t ude  of 14,200 f ee t .  Data a re  
from f l i g h t  t e s t  20. (values of AP, are expressed in pounds per square f o o t . )  
(a) Altitude, 31,200 feet; M = 1.5. 
(b) Altitude, 42,100 feet; M = 1.8. 
(c) Altitude, 51,600 feet; M = 2.0. 
- _ -  ~~ 
( d )  Altitude, 61,100 feet; M = 2.0. 
1 
(e) Altitude, 70,700 feet; M = 1.72. 
I 
Figure 17.- Tracings of sonic-boom  ground-pressure  signatures for  the bomber  airplane  at  various 
altitudes  and Mach numbers.  (Values of Ap, are  expressed  in  pounds per square foot.) 
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(a) On ground track. 
~ _ ~ _ _  
(b)   5-mile   la teral   d is tance.  
~ 
( c )   l o -mi l e   l a t e ra l   d i s t ance .  
( a )  20-mile l a t e r a l   d i s t a n c e .  
Figure 18.- Tracings of sonic-boom ground-pressure signatures a t  var ious  la te ra l  d i s tances  from t h e  
ground t r a c k  f o r  t h e  bomber a i rp lane  at  an alt i tude of about 61,000 f e e t  and a Mach number of 2.0. 
(Values of Apo are  expressed  in  pounds per  square  foot.) 
presen ted  in  the  f igu re  are peak overpressures and time-interval values meas- 
u red  fo r  each  t e s t .  Here again, as i n  figure 17, the  pressure  s igna tures  are 
seen t o  have the gross features of N-waves. A t  t he  l a rge r  l a t e ra l  d i s t ances ,  
however, they seem t o  have a more ragged appearance, possibly a r e s u l t  of 
atmospheric effects in propagation. A notable difference i s  tha t  a t  t h e  
la te ra l -d is tance  loca t ions  there  i s  a r e l a t i v e l y  slow r i se  t ime  and a r e l a t i v e l y  
slow return to atmospheric pressure as compared with the data of f igure  17 
which  were obtained on t h e  ground track. In general ,  the peak-pressure values 
decrease gradually as the  l a t e ra l  d i s t ance  inc reases .  The t ime in te rva ls ,  how- 
ever, do not seem t o  va ry  in  a systematic manner with increasing distance as 
w a s  t he  case  fo r  i nc reas ing  a l t i t ude  in  f igu re  17. 
Peak Overpressure Measurements 
Peak overpressures have been determined from pressure-signature records 
similar t o  t h o s e  of f igures  10 t o  18 for t h e   f l i g h t   t e s t s  of  the f ighter  and 
bomber ai rplanes,  and these  va lues  a re  p lo t t ed  in  f igu res  19 t o  21. The 
f ighter-airplane data of figure 1-9 a r e  for the  a l t i tude  range  of about 10,000 
t o  50,000 f e e t  and  apply  d i rec t ly  to  loca t ions  on the  ground track. Values of 
5- 
o Morning  fllghts 
A Afternoon  flights 
- Volume theory  (ref.9) 
APo7 
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Figure 19.- Measured peak overpressures at  ground l e v e l  a s  a function of a l t i t u d e   f o r   f i g h t e r   a i r -  
planes i n  s teady  leve l  f l igh t .  Data are included for both morning and af ternoon f l ights .  
Apo vary from about 4 pounds per  square foot  to  about  0.4 pound per square 
foot .  Data poin ts  a re  coded t o  i n d i c a t e  t h a t  some apply to  condi t ions  
of a quiescent atmosphere as i n  f i g u r e  1 2 ( a )  a n d  t h a t  some apply to  condi t ions  
of a turbulent atmosphere as i n  f i g u r e  l 2 ( b ) .  The two calculated curves are 
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for  Mach  numbers  of 1.2 and 2.0 and  are  based  on  volume  considerations  only,  a 
standard  atmosphere  being  assumed,  by  means  of  the  following  equation  from 
reference 9: 
For the  calculations of figure 19, 
Kr = 1 .9  
K2 = 0.60 
d/2 = 0.12 
In general,  the  measured  points  scatter  about  the  calculated  curves,  the  highest 
values  and  the  greatest  scatter  being  associated  with  turbulent  atmospheric 
conditions. 
The  peak  ground  overpressures  determined  for  the  bomber  aircraft  are  pre- 
sented  as  a  function  of  altitude  for an altitude  range 30,000 to 75,000 feet 
and  for  a  Mach  number  .range  of 1.5 to 2.0 in figure 20. The  data  points  are 
coded  to  indicate  the  various  gross-weight  ranges  of  the  aircraft  during  
rather  extensive  series  of  flight  tests  without  the  external  store  component 
and  for  a  limited  number  of  flights  with  the  external  store  component. Also 
included  for  comparison  are  theoretical  calculations  based on  a standard  atmos- 
phere  for  volume  only  and  for  volume  and  lift  combined.  The  solid  curve  was 
calculated  by  means  of  equation (1) and  for  the  following  values: 
K2 = 0.62 
2 = 96.8 feet 
d/2 = 0.12 
The  cross-hatched  region  represents  the  range of round  overpressure  values 
(which  were  calculated  by  means  of  eq. ( A l )  and  have  been  evaluated  by  the 
numerical  method  described in the  appendix  and also in ref. 10). This  proce- 
dure  represents an attempt to account  for  both  volume  and  lift  effects  for  the 
gross-weight  range  of 62,000 to 92,000 pounds. 
Aircraft gross weight, Ib 
0 60,000 - 70,000 
A 80,000 - 90,000 I 70,000 - 80,ooO Without  external  store  component 
0 70,000 - 1C0,Ooo Wlth  external  store m p o n e n t ( r e f . l l )  
APO 1 
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2.0 - 
1.5- 
1.0 - 
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0 4 38 
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Volume and lift  calculahons by 
method of ref. IO, for range of 
welghts from 62,000 to 92,000 Ib 
and M = 2 3  
Volume  theory  (ref.9) 
M = 2.0 
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Figure 20.- Measured peak overpressures a t  ground l e v e l  as a funct ion of a l t i t u d e  f o r  bomber a i r -  
p l a n e s  i n  s t e a d y  l e v e l  f l i g h t .  Data are presented for a range of  Mach numbers from 1.5  t o  2.0. 
The experimental data of figure 20 are seen t o  have some s c a t t e r  which i s  
p a r t l y  due to  the  gross-weight  var ia t ions  of t h e   t e s t s  and partly to measuring 
techniques and atmospheric effects. In general, the measured overpressure 
values decrease as the  a l t i tude  increases ,  those  pressures  assoc ia ted  wi th  the  
higher gross weights having the higher values. It may be seen t h a t  t h e  meas- 
ured  da ta  c lear ly  f a l l  above the calculated curve based on volume effects  only;  
thus ,  l i f t  e f f e c t s  are suggested to  be s ignif icant  for  the whole range of  a l t i -  
tudes  of  these  f l igh t  tes t s  and pa r t i cu la r ly  fo r  t he  h ighe r  a l t i t udes .  It may 
be seen fur ther  that  the experimental  data  f a l l  generally above the  ca lcu la-  
t i o n s  where l i f t  and volume have both been taken into account, the one excep- 
t i o n  b e i n g  t h e  s e r i e s  of recent data points  obtained during f l ights  with.  the 
ex te rna l  s to re  component. (See ref.  11.) These l a t t e r  d a t a  are n o t e d  t o  be 
lower i n  magnitude than comparable values obtained without the external store 
in  p l ace .  Th i s  l a t t e r  f i nd ing  i s  i n  q u a l i t a t i v e  agreement with similar wind- 
tunnel  and ana ly t i ca l  s tud ie s  of reference 12. 
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Peak ground overpressures measured during the tests for various lateral 
dis tances  up t o  20 miles from t h e  f l i g h t  t r a c k  and fo r  f l i gh t  cond i t ions  of a 
Mach number of 2,O and an alt i tude range of 61,000 t o  66,000 fee t  a r e  p re sen ted  
i n  f i g u r e  21. These data poin ts  were determined from pressure waveforms  of t he  
AP,, 
Ib/  sq f t  
1.5- 
1.0 - 
.5 - 
0 
8 %.. 0 
0 '. 
\ 
0 
\ 
0 -\ .. 0 -Q 
0.L. 
-\ '. -. Cutoff due 
to refraction 
Volume theory (ref. 13) 
Altitude, 60,000 ft, M = 2  
Lateral distance,  miles 
Figure 21.- Measured peak overpressures a t  ground l e v e l  as a funct ion of l a t e ra l  d i s t ance  fo r  bomber 
a i rp l anes  in  s t eady  l eve l  f l i gh t .  Data a re  fo r  t he  a l t i t ude  r ange  of 61,000 t o  66,000 f e e t  and 
f o r  a Mach number of about 2.0. 
type  presented  in  f igure  18. The sol id  curve was calculated based on volume 
considerations alone by the  method of reference 13, f o r  which a cutoff  dis tance 
of 27 miles due t o  r e f r a c t i o n  i s  indicated.  The dashed curve i s  faired through 
the ari thmetic average value of the measured pressures  a t  each locat ion.  The 
measured values decrease as la te ra l  d i s tance  increases ;  as a r e s u l t ,  a t  a dis-. 
tance of 20 miles from the fl ight track the pressure values are approximately 
one-half those measured on t h e  ground track. The measured values are consist- 
en t ly  h igher  than  the  ca lcu la ted  va lues  shown, although these differences are 
noted  to  be  grea te r  a t  locat ions near  the t rack.  This  resul t  suggests  that  the 
e f f e c t s  of l i f t  may be most s ign i f i can t  a t  l oca t ions  on t h e  t r a c k  and a t   t h e  
smaller l a t e r a l  d i s t a n c e s .  
Ground-Motion Measurements 
For a l l  t h e   f l i g h t s   l i s t e d  i n  t a b l e  I, measurements of ground motion 
were made i n  a ve r t i ca l   p l ane   a s   we l l  as p a r a l l e l  and perpendicular t o   t h e  
d i r ec t ion  o f  f l i gh t  i n  a horizontal plane. Although some motions were recorded 
i n  each  of  the  three  d i rec t ions  for  each  f l igh t  tes t ,  t he  peak amplitudes did 
not exceed 0.001 inch. The largest  motions were no ted  to  occur  in  the  ve r t i ca l  
plane and i n  t h e  h o r i z o n t a l  p l a n e  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  f l i g h t .  The 
records indicated a damped sine-wave type of motion having a frequency of about 
10 cps, and it i s  bel ieved that  the dis turbances were of a local ized nature .  
C ONC WDING RFSIARKS 
The pressure signatures measured were similar t o  N-waves,.but i n  a l l  cases 
t h e y  d i f f e r e d  i n  some d e t a i l .  The shape of the pressure signature from a super- 
sonic  a i rplane i s  noted t o  be a function of atmospheric conditions,  alt i tude,  
Mach number, f l igh t  pa th ,  conf igura t ion  of  the  a i rp lane ,  and  re la t ive  pos i t ion  
of the observer .  A s  a r e su l t  o f  changes i n  f l i g h t  p a t h  o r  acce lera t ion  of t he  
a i rp lane ,  a more complex wave p a t t e r n  i s  measured f o r  maneuvering f l i g h t  t h a n  
fo r  s t eady  l eve l  f l i gh t ,  and f o r  some ground locations pressure magnifications 
occur. The magnif icat ion factors  for  a l i nea r  acce le ra t ion  and a c i r c u l a r  t u r n  
were no ted  to  be approximately 2 and 4, respectively.  Effects of l i f t  a r e  
n o t e d  t o  be s i g n i f i c a n t  f o r  t h e  bomber a i rp lane  fo r  a l t i t u d e s  from 3O,OOO t o  
about 75,000 f e e t  and are more pronounced a t  the  h igher  a l t i tudes .  L i f t  e f f e c t s  
as detected by ground-pressure measurements are more pronounced direct ly  under  
t h e  a i r c r a f t  and tend to  dec rease  a t  i nc reased  l a t e ra l  d i s t ances .  
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, V a . ,  February 3, 1964. 
APPENDIX 
METHOD FOR COMPUTING GROUND OVERPRESSURFS 
By Harry W. Carlson 
Outline of Method 
An ou t l ine  of t h e   t h e o r e t i c a l  method used in   e s t ima t ing   t he   i n t ens i ty   o f  
t h e   f a r - f i e l d  bow-shock pressure r ise d i r e c t l y  below an airplane i n  level  super-  
son ic  f l i gh t  i s  shown i n  f i g u r e  22. The method shown here i s  i n  a form su i t ab le  
f o r  a numerical  solution with desk calculators or  with electronic  computing 
\- 
I- 
r 
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Figure 22.- Outline of steps in theoretical  estimation method. 
machines. It has been derived from the work of reference 14; t h e  main d i f f e r -  
ences stem from changes i n  terminology and i n  t he  expres s ion  of l i f t  e f f e c t s  
i n  terms of equivalent cross-sectional area. The following equation relates 
overpressure t o   t h e  geometry of the  a i rp lane  and  the  f l igh t  condi t ions .  
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The  right-hand  side  of  the  equation  depends  only  on  the  lift  distribution  and 
the  geometry  of  the  airplane  and  is  evaluated  in  the  following  manner.  The 
necessary  inputs  to  the  computation  are  a  nondimensionalized  airplane  area 
distribution A(t) formed  by  supersonic  area  rule  cutting  planes p = sin-1 $) 
and a nondimensionalized  equivalent  area  distribution  due  to  lift B(t) eval- 
uated  through an integration  of  the  lifting  force  per  unit  length  along  the 
airplane  longitudinal  axis.  The B(t) curve  which  is  evaluated  from  the 
integral ' 
( 
B(t) = - 
is  seen to depend  on  the  weight  of  the  airplane,  the  Mach  number,  and  the 
dynamic  pressure, in addition  to  the  shape  of  the  loading  curve. A combined 
area  distribution  AE(t)  is  formed  by  a  direct  addition  of  the  A(t)  and 
B(t)  curves The AE(t)  curve is then  approximated  by a series  of  para- 
bolic  arcs  having  a  first  derivative  composed  of  connected  straight-line  seg- 
ments  and  a  second  derivative  composed  of  a  step or pulse  function.  The  inte- 
gral  involved in the F ( T )  function 
'i 
can  be  evaluated  easily  when A$( t)  is  a  constant,  and  by  superposition  a  com- 
plete F(T)  curve  may  be  built  up  corresponding to the  Ai(t)  pulse  distribu- 
tion. An integration  of  the F(T) function to the  point TO (cross-hatched 
area in fig. 22) is then  used in evaluating  the  pressure-rise  characteristics 
expressed  by  equation (Al) . The  degree  of  approximation  of  the  AE(t)  curve 
can  be  improved  by  increasing  the  number  of  pulses  used. In the machine  com- 
p&ing procedure  used for the  estimates  of  this  report  the  airplane  length  is 
divided  into 100 units. 
Results  Obtained  by  Method 
When  the  preceding  computational  procedures  are  followed  for  a  series  of 
assumed  weights,  Mach  numbers,  and  dynamic  pressures,  the  results  are 
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conveniently expressed i n  t h e  form shown i n  figure 23. A s  a matter of i n t e r e s t ,  
theore t ica l  curves  a re  shown for the  cases  where volume e f f e c t s  a l o n e  o r - l i f t  
I 
!A I 1 I I 
d l '  
0 .01 . o-2 .03 
Figure 23. - Configuration sonic-boom charac te r i s t ics   in   paramet r ic  form. 
ef fec ts  a lone  were considered. The r e s u l t s  may be considered to  apply for  a 
range of Mach numbers, i f  changes i n  area and l i f t   d i s t r i b u t i o n  with Mach  num- 
ber  are ignored. Estimates of ground overpressures may be made  when proper 
values of the factors in the parameters are subs t i tu ted .  For the  est imates  of 
t h i s  r e p o r t ,  t h e  r e f l e c t i o n  f a c t o r  was assumed t o  be 2.0 and the reference 
pressure p was taken as the geometric mean of t h e  p r e s s u r e  a t  a l t i t u d e  and 
the  pressure  a t  ground l e v e l  /KO. 
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TABLE I. - SONIC-BOOM TEST FLIGWTS 
Fligh' 
t e s t  
7 
1 
2 
3 
4 
6 
5 
7 
8 
10 
9 
11 
12 
13 
15 
14 
16 
1-7 
19 
18 
20 
21 
22 
23 
24 
25 
26 
27 
29 
28 
30 
31 
32 
33 
34 
35 
36 
37 
39 
38 
40 
41 
42 
43 
44 
45 
47 
46 
48 
49 
50 
5 1  
52 
53 
54 
55 
57 
56 
58 
59 
6 1  
60 
62 
63 
9- 1-61 
Ftghter  1253 9- 6-61 
Fighter  1245 9- 6-61 
Fighter 1345 
9 - n - 6 1  1400 Fighter 
9-11-61 1000 Fighter 
9-13-61 0940 Fighter 
9-14-61 0800 Fighter 
9-14-61 0810 
Fighter 1254 9-15-61 
Fighter 1248 9-15-61 
Fighter  1242 9-15-61 
Fighter 1235 9-15-61 
Fighter 0820 9-14-61 
Fighter 
9-18-61 0840 Fighter 
9-18-61 0,834 Fighter 
9-18-61 0846 Fighter 
9-21-61 0820 Fighter 
9-21-61 0835 Fighter 
9-21-61 0828 Fighter 
9-22-61 0933 Fighter 
9-22-61 0942 Fighter 
9-22-61 0953 Fighter 
9-25-61 0855 Fighter 
9-25-61 Fighter 
9-25-61 0912 Fighter  
9-28-61 0850 Bomber 76,980 
9-28-61 0900 Bomber 70,980 
9-28-61 0910 Bomber 
65,200 Bomber 0.9" to-17-61 
71,200 Bomber 0915 LO-17-61 
83,200 Bomber 0900 LO-17-61 
Fighter  lbbo LO-13-61 
Fighter 0954 LO-13-61 
Fighter  0948  to-13-61 
Fighter 1432 10-12-61 
Fighter  1426 to-12-61 
Fighter 1420 LO-12-61 
63,600 Bomber 0836 to-12-61 
70,400 Bomber 0830 10-12-61 
79,900 Bomber 0822  to-12-61 
89,200 Bomber 0815 LO-12-61 
Fighter  1025 to-10-61 
64,000 Bomber 0906 to-10-61 
67,700 Bomber 0901 to-10-61 
74,800 Bomber 0850 10-10-61 
85,200 Bomber 0842 10-10-61 
(c )   F ighter  LO- 9-61 
Fighter 0841 LO- 9-61 
64,000 Bomber 1031 LO- 6-61 
70,800 Bomber 1022 LO- 6-61 
78,800 Bomber 1012 LO- 6-61 
83,800 Bomber 1005 LO- 6-61 
Fighter 9954 LO- 5-61 
Fighter 0946 LO- 5-61 
Fighter 0938 LO- 5-61 
66,780 Bomber 0907 LO- 4-61 
74,780 Bomber 0855 LO- 4-61 
84,980 Bomber 0845 LO- 4-61 
Fighter 0908 LO- 3-61 
Fighter 0905 LO- 3-61 
82,280 Bomber 0910 LO- 2-61 
Fighter 1435 9-29-61 
Fighter 1430 9-29-61 
65,930 
%o data  - t rack ing  fa i lure .  
bNo data - instrument failure.  
Airplane 1- 
Al t i tude,  
f t  
41.2 x 10 
40.5 
53.1 
42.0 
51.0 
51.0 
0 t o  20 
0 t o  20 
.o t o  20 
0 t o  20 
0 t o  20 
0 t o  20 
0 t o  20 
10.3 
14.6 
14.2 
32.2 
32.2 
32.2 
14.2 
43.2 
33.3 
14.0 
32.2 
( a )  
61.5 
(b)  
62.4 
33.6 
32.8 
62.1 
33.7 
61.1 
33.7 
63.0 
65.3 
.o t o  20 
0 t o  20 
0 t o  x) 
61.5 
64.0 
65.6 
61.3 
33.7 
51.6 
( c )  
49.7 
70.7 
59.5 
51.1 
42.1 
31.2 
41.2 
31.2 
21.7 
21.8 
22.0 
14.0 
14.0 
13.8 
72.0 
74.7 
sO.0 
lach number 
1.52 
1.37 
1.45 
1.92 
1.93 
L.2 t o  1.5 
..2 t o  1.5 
..2 t o  1.5 
.9 t o  1.4 
.9 t o  1.4 
.9 t o  1.4 
.9 t o  1.4 
1.92 
1.24 
.9 t o  1.16 
.9 t o  1.17 
1.48 
1.43 
1.42 
.9 t o  1.17 
1.52 
1.44 
.9 t o  1.11 
1.34 
( a )  
(b)  
1.95 
1.96 
1.13 
1.69 
2.0 
1.5 
1.5 
2.0 
2.0 
2.0 
t .2 t o  1.5 
t.2 t o  1.5 
1.2 t o  1.5 
2.0 
1.98 
1.97 
2.0 
1.41 
2.0 
(C) 
1.96 
1.72 
2.0 
1.4 
1.80 
1.85 
1.5 
1.5 
1.35 
1.23 
1.1.'. 
-9  t o  1.22 
.9 t o  1.24 
.9 t o  1.22 
1.60 
2.0 
1.65 
~e of 
l i g h t  
-. . 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
laneuvel 
Bneuvel 
laneuvel 
laneuvel 
laneuvel 
aneuve~ 
,aneuvel 
Steady 
aneuve~ 
aneuvel 
laneuvel 
laneuvel 
,aneuvel 
laneuvel 
lmeuvel 
,aneuveI 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
lmeuvel 
laneuvel 
Steady 
Steady 
laneuvel 
Steady 
lmeuvel 
Ianeuvei 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
Steady 
laneuvel 
Steady 
laneuvel 
laneuvei 
Steady 
Steady 
Steady 
( a )  
(b)  
( c )  
Purpose of f l i g h t  1 
" . ." 
itmospheril 
e f fec t  
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
uperboon 
~~ 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
leneration an 
propagation 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
C~~ data - c o m i c a t i o n s  f a i l u r e .  
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